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SUMMARY

Nitrogen (N) availability can impact plant resistance to patho-
gens by the regulation of plant immunity. To better understand
the links between N nutrition and plant defence, we analysed
the impact of N availability on Medicago truncatula resistance to
the root pathogen Aphanomyces euteiches. This oomycete is con-
sidered to be the most limiting factor for legume production. Ten
plant genotypes were tested in vitro for their resistance to A.
euteiches in either complete or nitrate-deficient medium. N defi-
ciency led to enhanced or reduced susceptibility depending on
the plant genotype. Focusing on four genotypes displaying con-
trasting responses, we determined the impact of N deficiency on
plant growth and shoot N concentration, and performed expres-
sion analyses on N- and defence-related genes, as well as the
quantification of soluble phenolics and different amino acids in
roots. Our analyses suggest that N modulation of plant resistance
is not linked to plant response to N deprivation or to mechanisms
previously identified to be involved in plant resistance. Further-
more, our studies highlight a role of glutamine in mediating the
susceptibility to A. euteichesin M. truncatula.

Keywords: amino acids, Aphanomyces euteiches, glutamine,
Medicago truncatula, nitrate, nitrogen, plant defence.

INTRODUCTION

Nutrients are essential for the growth and development of plants
and microorganisms, and are also recognized as important factors
in the fate of plant interactions with beneficial microbes and patho-
gens (Bonneau et al, 2013; Dordas, 2008; Fagard et al,, 2014; Hac-
quard et al, 2016; Mur et al, 2017). Among the different nutrients,
nitrogen (N) plays a particularly important role. Indeed, N consti-
tutes approximately 2%-5% of dry matter, making it quantitatively
the most important element in plants. Agronomical data indicate
that, in addition to the impact on yield, the quantity and quality of
N supply can impact a plant's ability to cope with pathogen
attacks, leading to enhanced or decreased resistance. There is,
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however, no general rule on the outcome of N fertilization on dis-
ease severity. For example, in potato, N supply leads to opposite
results, depending on the pathogen model (Mittelstrass et al.,
2006). These differences could be correlated, in part, with the path-
ogenic lifestyle (biotrophic or necrotrophic). Other factors could be
involved in the modulation by N of plant resistance to pathogens,
such as the plant capacity to mobilize N and/or synthesize defence
compounds (Ballini et al, 2013; Dietrich et al, 2004). Moreover, a
recent study has indicated that the form of N (nitrate or ammo-
nium) affects the defence response and resistance to bacterial
infection in tobacco (Gupta et al, 2013). Finally, N can quantita-
tively and qualitatively affect pathogen virulence and pathogen
nutrition in planta (Snoeijers et al, 2000). Taken together, these
data indicate that N supply can affect plant resistance. However, in
general, the underlying mechanisms remain unclear.

The different steps involved in N metabolism have long been
studied, and many of the corresponding proteins have been char-
acterized (Masclaux-Daubresse et al, 2010). Interestingly, the
contribution of several of these proteins to plant defence has
been highlighted recently. Arabidopsis mutants affected in differ-
ent steps of N transport and assimilation, such as the nitrate
reductase (NR) double mutant (nial nia2) (Modolo et al., 2006;
Oliveira et al, 2009), the high-affinity nitrate transporter NRT2.1
mutant (Camanes et al., 2012) and the putative nitrate transporter
NRT2.6 (Dechorgnat et al, 2012) mutant, were all found to dis-
play an altered sensitivity to pathogens. Conversely, pathogens
modulate the expression of genes or the activity of enzymes
involved in N transport, N assimilation, N remobilisation and
amino acid metabolism (Fagard et al., 2014).

Amino acid contents and their relative concentrations are
modified during plant—pathogen interactions (Fagard et al., 2014;
Zeier, 2013). Different explanations can be proposed to interpret
these modifications. Amino acids (per se or as precursors of
defence molecules) represent an important resource for setting up
induced resistance in plants. Amino acids also constitute a nutri-
ent source that is crucial for pathogen survival and propagation
(Pellier et al, 2003; Solomon et al, 2003). The modification of
plant amino acid composition could therefore represent a plant
defence strategy which could lead to N deprivation for pathogens
through, for instance, N remobilisation from diseased tissues to
healthy parts (Olea et al, 2004; Tavernier et al, 2007).
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Alternatively pathogens, through co-evolution, could adapt their
preference to amino acids accumulated in infected plants or could
manipulate plant N metabolism, inducing the accumulation of
favourable amino acids at the infection site (Solomon and Oliver,
2002). The links between amino acid metabolism and plant resist-
ance were reinforced by results showing that Arabidopsis thaliana
lines impaired in the LHT1 amino acid transporter (Liu et al,
2010) or overexpressing the pepper ASPARAGINE SYNTHETASET
gene (CaAST) (Hwang et al, 2011) exhibited enhanced resistance
to Pseudomonas syringae.

Finally, modulation of N metabolism could impact molecular
defence responses. For instance, nitric oxide and reactive oxygen
species levels are altered in response to N deprivation (Schacht-
man and Shin, 2007; Thalineau et al, 2016). Salicylic acid (SA)
levels and SA-mediated defences, mainly linked to the redox state,
are also dependent on N nutrition (Gupta et al,, 2013; Yaeno and
Iba, 2008). Transcriptome analyses have further highlighted that
the expression of genes involved in the response to biotic stress
[such as mitogen-activated protein kinase 3 (MPK3), MPK7, per-
oxidase- and R protein-encoding genes] is affected by N limitation
in Arabidopsis (Peng et al., 2007).

Parasitic oomycetes cause severe diseases on many crop plants.
Aphanomyces euteiches is a pathogenic oomycete responsible for
root rot in many legume species (Gaulin et al, 2007), and is consid-
ered to be the most limiting factor for legume production. Resist-
ance to A. euteiches has been investigated in legumes and,
particularly, in the model plant Medicago truncatula. The reaction of
M. truncatula lines to A. euteiches infection varies from susceptibil-
ity to resistance (Djébali et al, 2012; Vandemark and Griinwald,
2004). Comparative analyses of susceptible (F83005.5) and tolerant
(A17) genotypes have indicated that resistance mechanisms include
the protection of the central cylinder against pathogen invasion,
associated with frequent pericycle cell divisions, lignin deposition
and the accumulation of soluble phenolic compounds (Djébali et al.,
2009, 2011). These results have been corroborated by genetic stud-
ies. A major locus associated with resistance to A. euteiches, namely
AER1, has been identified (Pilet-Nayel et al, 2009) and confirmed
by a genome-wide association study, which identified two major
independent loci on top of chromosome 3, one of which co-
localized with prAel (formerly named AER1) (Bonhomme et al,
2014). The functional role of the prAe1 locus has been investigated
recently (Badis et al, 2015) using two near-isogenic lines, NR and
NS, partially resistant and susceptible, respectively, differing in the
allelic state of prAel. Transcriptomic and biochemical analyses dem-
onstrated the significant role of secondary metabolites, particularly
of flavonoids, in resistance, and identified a chalcone-derived com-
pound as a potent inhibitor of A. euteiches.

The aim of this work was to study the effect of N nutrition on
M. truncatula resistance to A. euteiches. Ten genotypes of M.
truncatula were grown in vitro on complete or N-deficient (NQ)

N modulates Medicago resistance to Aphanomyces 665

medium. Parameters related to plant growth and root develop-
ment, as well as relevant indicators of M. truncatula resistance to
A. euteiches, were scored. N deficiency led to contrasting
responses of the different genotypes to A. euteiches, resulting in
either enhanced or decreased resistance of plants to the patho-
gen. To understand how N@ conditions lead to contrasting behav-
iours between M. truncatula genotypes, we focused our
investigations on four genotypes to perform biochemical (quantifi-
cation of soluble phenolics and amino acids) and molecular (gene
expression related to N metabolism or involved in defence
responses) analyses. Our analyses suggest that N modulation of
plant resistance is not linked to plant response to N deprivation
nor to mechanisms previously identified to be involved in plant
resistance. Furthermore, our studies highlight the importance of
glutamine (GIn) in enhancing plant susceptibility to A. euteiches.

RESULTS

Nitrogen deficiency enhances the resistance of the
A17 genotype to A. euteiches

To assess the effects of N nutrition on the interaction between M.
truncatula and A. euteiches, the A17 genotype was grown in vitro
for 10-21 days on two media: complete medium (containing
3.3 mwm nitrate as sole N source) and nitrate deficient NG medium.
On N@ medium, the first symptoms of N deficiency (plant growth
parameters) were observed after 10 days of culture compared
with plants cultivated on complete medium. Significant differences
in plant N content appeared later, after 14 days of culture (Fig.
S1, see Supporting Information).

The A17 genotype was less affected by A. euteiches on N@
medium relative to complete medium, as it displayed a lower per-
centage of symptomatic tissues (stem necrosis and root browning)
(Fig. 1A), and plant root development was less affected by inocu-
lation (Fig. S1). Moreover, a significantly lower level of pathogen
was detected in roots by enzyme-linked immunosorbent assay
(ELISA) (Fig. 1B) using a polyclonal antibody raised against A.
euteiches (Slezack et al,, 1999). This was correlated with an eight-
fold decrease (AACt = 3) in the transcript levels of A. euteiches
tubulin (AeTUB) gene (Fig. 1C). Thus, A17 was more resistant to
A. euteiches on N@ medium relative to complete medium.

We verified whether this N@-induced resistance (N@-IR) was a
result of the fact that the virulence of A. euteiches was affected
by N deficiency. For this purpose, we measured AeCRN13 and
AeCRN5 expression, two CRN candidate effectors identified
through a transcriptomic approach on A. euteiches (Gaulin et al,
2008; Ramirez-Garcés et al., 2016). No difference in CRN expres-
sion between complete and NO@ media was observed when
AeCRN13 and AeCRN5 gene expression levels were normalized to
AeTUB gene expression, a constitutively expressed gene fre-
quently used to quantify root colonisation levels (Fig. 2). Thus,
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these results indicate that N deficiency does not affect the expres-
sion of the CRN13 and CRN5 effectors, and therefore possibly
does not affect the virulence of A. euteiches.

Effects of nitrogen deficiency on the M. truncatula-A.
euteiches interaction are dependent on plant genotype

To study whether N deficiency impacted similarly the behaviour of
other genotypes of M. truncatula to A. euteiches, we extended
our initial experiments to nine other genotypes.

As for A17, stem necrosis and root browning were assessed and
root infection was measured by ELISA. Plant growth and root

Fig. 1 The susceptibility of the A17 genotype
to Aphanomyces euteiches is decreased on
nitrate-deficient (N@) medium. (A)
Susceptibility to A. euteiches as scored by the
percentage of symptomatic tissues [stem
necrosis at 21 days of culture and root
browning at 10 days post-inoculation (dpi),
see Experimental Procedures]. (B)
Quantification by enzyme-linked
immunosorbent assay (ELISA) of A. euteiches
in root extracts. FW, fresh weight. (C) Relative
expression of AeTUB using MtEF1 as
reference gene. Plants were cultivated in vitro
for 3 weeks on complete medium or N@
medium and inoculated with A. euteiches. For
ELISA, the background signal from control
non-inoculated roots was subtracted from the
signal detected in inoculated roots. Error bars
indicate standard errors (n = 16-20 for
symptoms; n = 4-6 biological replicates for
ELISAs and AeTUB expression) and asterisks
indicate significant differences (P< 0.05).
Data from a representative experiment out of
four independent experiments are shown.

architectural parameters were also determined as relevant indica-
tors of M. truncatula resistance to A. euteiches. Principal component
analysis (PCA) was performed using these different parameters
(Bonhomme et al., 2014).

A representative PCA of three independent experiments is dis-
played in Fig. S2 (see Supporting Information). ELISA, root brown-
ing and stem necrosis were positively correlated with each other
and negatively correlated with growth parameters, such as shoot
biomass. PC1, which captured 44% of the variance, represents a
‘synthetic’ measurement of plant resistance to A. euteiches. Thus,
the more a genotype lies on the negative side of this axis, the
more susceptible it is to the pathogen. First, the results show that,

MOLECULAR PLANT PATHOLOGY (2018) 19(3), 664-676 © 2017 BSPP AND JOHN WILEY & SONS LTD



AeCRN5 and AeCRN13 relative
expression (normalized to AeTUB)

12-ACt

7’/% Complete medium
L

Fig. 2 Increased resistance of A17 on nitrate-deficient (N@) medium is not
related to changes in AeCRN5 and AeCRN'13 expression. Transcripts levels of
AeCRN5 and AeCRN13 normalized to AeTUB expression. One-day-old
seedlings were inoculated with Aphanomyces euteiches and cultivated in vitro
for 10 days on complete medium or N@ medium. No expression of AeCRN5
and AeCRN13 was detected in control non-inoculated plants. Error bars
indicate standard errors (n = 4 biological replicates).

on complete medium, the different genotypes display different
behaviours: F83005.5 and SA028064 represent the most suscepti-
ble and most resistant genotypes, respectively, whereas the other
genotypes display intermediate levels of resistance. This classifica-
tion is similar to that found by others (Bonhomme et al., 2014),
confirming the relevance of our assessment of resistance to A.
euteiches. Second, interestingly, N deficiency affects plant suscep-
tibility to A. euteiches differently according to genotype (Fig. S2).
We focused on four genotypes which showed, reproducibly, a
significantly different response to N deficiency (Fig. 3, Table 1): the
genotypes F83005.5 and SA022322, which were more susceptible
on N@ (N@-IS for N@-induced susceptibility), and the genotypes A17
and DZA045-6, which displayed enhanced resistance on N@ (NG-IR)
(Fig. 3, Table 1). The DZA315-16 genotype, which displayed a very
strong increase in resistance on N@ medium (Fig. S2), was not cho-
sen as its response to N deficiency was too marked compared with
the other genotypes, and could therefore not adequately represent
the processes involved in the N modulation of plant immunity in the
majority of the other genotypes. To understand why N@ medium
impacted differently on the resistance of the four genotypes to A.
euteiches, we quantified the soluble phenolics and amino acids, and
analysed the expression of the genes involved in N metabolism and
defence in roots. These analyses were performed at 10 days of cul-
ture, a time point at which N deficiency is already effective (Fig. S1).

Nitrogen deficiency leads to changes in secondary
metabolism and defence gene expression

We first determined the concentrations of soluble phenolic com-
pounds in roots (Fig. 4). Inoculation by A. euteiches led to a
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Fig. 3 Close-up of the principal component analysis (PCA) of plant
susceptibility to Aphanomyces euteiches (Fig. S2, see Supporting Information),
highlighting the behaviour of the four selected genotypes cultivated in
complete or nitrate-deficient (N@) medium. Susceptibility of the Medicago
truncatula genotypes A17, F83005.5, DZA045-6 and SA022322 under
contrasting N availability (complete medium, squares; N@ medium, circles)
was compared by PCA (PC1 explains 44% of the variance). The negative side
of the PC1 axis is highly correlated with the genotype susceptibility to A.
euteiches (ELISA, root browning and stem necrosis, see Fig. S2). Bars indicate
standard error (n = 4 biological replicates). Data from a representative
experiment out of three independent experiments are shown.

significant increase in soluble phenolic concentrations for all geno-
types. Similarly, N deficiency increased the basal concentration of
soluble phenolics, and the combination of both N deficiency and
inoculation by A. euteiches led to the highest concentrations of
these compounds (Fig. 4).

To study further the contribution of secondary metabolism to
plant resistance, we analysed, by quantitative reverse
transcription-polymerase chain reaction (qRT-PCR), the expression
of genes involved in secondary metabolism and, more broadly, in

Table 1 Classification of the four selected genotypes according to the
modulation of their resistance to Aphanomyces euteiches by nitrate deficiency.

Genotypes PClyg = PClcomplete ™ Behaviour
DZA045-6 1.7 N@-IR
A17 1.0°

SA022322 -0.71° N@-IS
F83005.5 —0.76"

*Statistical analyses were performed on the difference between the PC1
value obtained on nitrate-deficient (N@) medium and the PC1 value
obtained on complete medium in three independent experiments. Letters
indicate significant differences (P < 0.05).
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Fig. 4 Infection by Aphanomyces euteiches and nitrogen (N) deficiency
increase phenolic compounds in Medicago truncatula roots. The
concentrations of root-soluble phenolics of the four M. truncatula genotypes
F83005.5, SA022322, A17 and DZA045-6 were determined in plants
cultivated in vitro for 10 days on complete medium or nitrate-deficient (N@)
medium and inoculated or not with A. euteiches. FW, fresh weight. Error bars
indicate standard errors (n = 4 biological replicates) and letters indicate
significant differences (P < 0.05). Data from a representative experiment out
of three independent experiments are shown. N@-IS, genotype displaying N@-
induced susceptibility; N@-IR, genotype displaying N@-induced resistance.

plant defence. Among the numerous genes studied (above 20
genes, Table S1, see Supporting Information), many were identi-
fied as more strongly expressed in partially resistant (NR) than in
partially susceptible (NS) near-isogenic lines, and could contribute
to plant resistance (Badis et al, 2015). Expression analyses
showed that many of these genes were differentially expressed
depending on inoculation by A. euteiches, N nutrition or plant
genotype (data not shown). A small group of genes displayed
interesting profiles (Fig. 5). Three genes (MtDRP, encoding a dis-
ease resistance protein; MtBGL2, encoding a B-1,3-glucanase;
and MtERF1, encoding an ethylene-responsive transcription factor)
were induced significantly by A. euteiches on complete medium in
all or almost all genotypes. As they did not discriminate between
the genotypes depending on their resistance level, these genes do
not appear to contribute to plant resistance in these conditions.
On N@ medium, the expression levels of these genes were not
correlated with the degree of resistance of the different geno-
types. Three other genes (MtCOMT1, MtPAL2, MtCHS2), involved
in secondary metabolism, were induced significantly by the patho-
gen in most genotypes and displayed, interestingly, a basal
expression level (e.g. in the absence of pathogen) that was corre-
lated with plant resistance to A. euteiches on complete medium:
the most sensitive genotype (F83005.5, Fig. 3) displayed the low-
est and the most resistant genotype (DZA045-6, Fig. 3) displayed
the highest expression levels of these genes (Fig. 5). These genes

could therefore contribute to plant resistance in complete
medium. On N@ medium, the N@-IS genotypes displayed a signifi-
cantly increased basal expression of these genes (except for
MtCHS2 for F83005.5), although they were more susceptible to A.
euteiches in these conditions (Fig. 5). Conversely the N&-IR geno-
types displayed no significant change in the basal expression of
these genes on N@ medium, despite being more resistant when
experiencing N limitation (Fig. 5). Altogether, these expression
analyses indicate that these genes possibly contributing to resist-
ance to A. euteiches in complete medium appear not to determine
resistance under N deficiency.

Nitrogen deficiency leads to genotype-specific
responses and highlights the low N responsiveness of
DZA045-6

To assess whether N@-IR could be linked to an induction of plant
defence as a result of N stress, we analysed the response of the
four genotypes to N deficiency at the growth and gene expression
levels. As shown in Fig. S3 (see Supporting Information), N defi-
ciency affected all genotypes, resulting in lower shoot biomass
than in complete medium at 10 and 21 days of culture (Fig.
S3A,B) and lower shoot N concentrations at 21 days (Fig. S3C).
No effect of genotype could be seen on N concentration. Shoot
biomass, however, responded to N deficiency differently depend-
ing on the plant genotype (Fig. S3). At 21 days of culture, the
highest decrease in shoot biomass on N deficiency was observed
for SA022322, an intermediate decrease for A17 and the lowest
decrease for DZA045-6 and F83005.5. This highlighted that the
SA022322 and F83005.5 genotypes responded differently to N
deficiency despite both displaying N@-IS.

We analysed the expression of genes involved in N metabo-
lism: MtNIAT and MtNIA2, which encode two isoforms of NR;
MNRT2.1 and MtNRT2.3, which encode nitrate transporters (Pel-
lizzaro et al., 2015); MtGS1a, MtGS1b and MtGS2a, which encode
the two cytosolic and major plastid-located GIn synthetase
enzymes, respectively (Seabra et al., 2013).

qRT-PCR analyses were performed in M. truncatula roots after
10 days of culture to assess whether the four genotypes differen-
tially expressed these genes. Two main conclusions can be drawn
from the data displayed in Fig. 6. First, the F83005.5, SA022322
and A17 genotypes can be discriminated in complete medium
from the DZA045-6 genotype based on the expression profiles of
the MtNRT2.1 and MtNIAT genes. These nitrate-regulated genes
display a strongly reduced basal expression level (AACt =5, that
is at least 30-fold lower) in DZA045-6 (Fig. 6). This altered
response to nitrate of DZA045-6 was confirmed by its reduced
sensitivity to chlorate, a toxic analogue of nitrate, compared with
the three other genotypes (Fig. S4, see Supporting Information).
Second, on complete medium, for the N@-IS genotypes, inocula-
tion led to a significant increase in MtGS1b (and of MtGS1a for
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Fig. 5 Expression analysis of secondary metabolism and defence genes in the four selected genotypes. Gene expression levels were determined using MtERFT as
reference gene in roots of the four Medicago truncatula genotypes, F83005.5, SA022322, A17 and DZA045-6, after 10 days of culture on complete medium or
nitrate-deficient (N@) medium and inoculated or not with Aphanomyces euteiches. Error bars indicate standard errors (n = 4 biological replicates) and letters indicate
significant differences (P < 0.05). N@-IS, genotype displaying N@-induced susceptibility; N@-IR, genotype displaying N@-induced resistance. MtBGL2, 3-1,3-
glucanase gene; MtDRP, disease resistance protein gene; MtCOMTT, chalcone-O-methyltransferase gene; MtPAL2, phenyl ammonia-lyase gene; MtCHS2, chalcone

synthase gene.

F83005.5) mRNA levels, which was not observed in N@-IR geno-
types in complete medium. Therefore, our developmental and
gene analyses did not highlight N responses specific to N@-IS or
NG@-IR genotypes, apart from MtGS1b induction in inoculated
roots of N@-IS genotypes on complete medium.

Aphanomyces euteiches infection induces higher
concentrations of specific amino acids in N@-IS
genotypes than in NG-IR genotypes

To analyse more precisely whether the four selected genotypes
differ in their N economy, the concentrations of different amino
acids in the roots were determined in the different genotypes after

10 days of culture on complete medium or N@ medium in the
presence or not of A. euteiches (Table S2, see Supporting Informa-
tion). In non-inoculated roots, cultivation on N@ medium led to
marked changes in amino acid concentrations. We observed a sig-
nificant decrease in the concentration of total amino acids (Fig.
S5A, see Supporting Information) on N@ medium in A17 and
DZA045-6, the two genotypes showing N@-IR, as well as a signifi-
cant increase in the concentration of minor amino acids (Fig. S5B)
in all genotypes, except DZA045-6. The enhanced basal levels of
these amino acids on N@ medium reflect changes in minor amino
acid homeostasis, already highlighted during N starvation in Ara-
bidopsis roots (Krapp et al, 2011). These latter analyses con-
firmed the altered N response of DZA045-6.
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Fig. 6 Expression analysis of nitrogen-linked genes in the four selected genotypes. Gene expression levels were determined using MtERF1 as reference gene in roots
of the four Medicago truncatula genotypes, F83005.5, SA022322, A17 and DZA045-6, after 10 days of culture on complete medium or nitrate-deficient (N@)
medium and inoculated or not with Aphanomyces euteiches. Error bars indicate standard errors (n = 4 biological replicates) and letters indicate significant
differences (P < 0.05). N@-IS, genotype displaying N@-induced susceptibility; N&-IR, genotype displaying N@-induced resistance. MtNRT2. 1, nitrate transporter gene;
MtNIAT, nitrate reductase gene; MtGS1a, MtGS1b, cytosolic glutamine synthetase genes; MtGS2a, chloroplastic glutamine synthetase gene.

Six amino acids [GIn, arginine (Arg), lysine (Lys), tyrosine (Tyr),
methionine (Met), tryptophan (Trp)] showed interesting profiles,
as they responded to A. euteiches differently according to geno-
type (Fig. 7). In complete medium, on inoculation, a significant
increase in these six amino acids was observed in F83005.5 and
SA022322 (N@-IS genotypes), whereas a smaller increase or no
significant change was observed in the N@-IR genotypes (A17 and
DZA045-6), resulting in about two- to three-fold lower contents of
these amino acids in the latter genotypes when inoculated (Fig.
7A, Table S2). In N@ medium (Fig. 7B, Table S2), a significantly
lower concentration in inoculated N@-IR roots compared with ino-
culated N@-IS roots was maintained only for Gln (1.5-3-fold
lower; Figs 7B and S6, see Supporting Information). Thus, only
Gln levels discriminated between inoculated N@-IR and N@-IS
genotypes on both complete and N@ media, with high levels of
GIn correlated with lower levels of resistance. Based on these

results and literature reporting a specific role of GIn in plant—
pathogen interactions (Liu et al,, 2010; Tavernier et al, 2007), we
decided to investigate the involvement of this amino acid in A.
euteiches infection and plant resistance.

GIn is a mediator of the M. truncatula-A. euteiches
interaction

To test the effect of Gln on plant susceptibility to A. euteiches, we
tested whether the addition of Gln to plant culture medium would
induce susceptibility in a condition in which the plant is normally
resistant. For this, we cultivated the N@-IR genotypes A17 and
DZA045-6 on N@ medium supplemented with GIn as the sole N
source. We observed a significant increase in root infection of A17
and DZA045-6 in this case compared with N& medium (Fig. 8A),
but also compared with complete medium containing nitrate (data
not shown).
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resistance.

Conversely, we tested whether the reduction in M. truncatula
susceptibility to A. euteiches was correlated with a decrease in
Gln levels. For this, we treated the N@-IS genotype (F83005.5)
with B-aminobutyric acid (BABA), a non-protein amino acid
known to prime the plant response to biotic stress (Conrath et al.,
2002). We observed that BABA treatment decreased the suscepti-
bility to A. euteiches (Fig. 8B), concomitant with a significant
decrease in endogenous Gln content (-50%) in the plant infected
by A. euteiches. Interestingly, as reported previously in another
biological model (Wu et al, 2010), the addition of GIn partially
reversed the protective effect of BABA (Fig. 8B). Therefore, these
experiments highlight a role of GIn in the M. truncatula-A.
euteiches interaction.

DISCUSSION

In our study, we observed that N availability affects M. truncatula
susceptibility to the hemibiotrophic oomycete A. euteiches. This
result was not linked, however, to the pathogen lifestyle, but to
plant genotype. Indeed, we observed: (1) genotypes that become
more susceptible to A. euteiches on N@ medium (N@-IS geno-
types) and (2) genotypes that become more resistant to A.
euteiches on N@ medium (N@-IR genotypes).

No correlation could be made, however, between genotype
resistance on complete medium and genotype behaviour on N@
medium (N@-IS or N@-IR). For example, R108 and DZA045-6
showed a similar resistance to A. euteiches in complete medium
(Fig. S2), yet the former genotype displayed N@-IS, whereas the
latter displayed N@-IR.

We propose different hypotheses to explain the genotypic vari-
ability of N modulation of M. truncatula resistance to A.
euteiches.

First, we tested whether the N modulation of plant resistance
could be linked to a genetic variability of the regulation by N of
the plant defence response. We analysed the contribution of solu-
ble phenolic compounds, which play an important role in resist-
ance to A. euteiches. Indeed, Djébali et al. (2011) showed that
the difference in resistance between A17 and F83005.5 genotypes
could be explained, in part, by an increase in soluble phenolics at
3 days post-inoculation (dpi) in infected A17 roots, which does
not occur in the sensitive F83005.5 genotype. Furthermore, sec-
ondary metabolites, in particular phenylpropanoids and flavo-
noids, accumulate during low N nutrition (Fritz et al, 2006) and
could thus play a role in N@-IR. The quantification of soluble phe-
nolics did not highlight significant differences between genotypes.
It is possible that, at the stage at which N deficiency occurs (10
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Fig. 8 Effect of glutamine (GIn) on susceptibility to Aphanomyces euteiches.
Quantification by enzyme-linked immunosorbent assay (ELISA) of A. euteiches
in root extracts. (A) The A17 and DZA045-6 genotypes were cultivated in vitro
for 3 weeks on nitrate-deficient (N@) medium or Gln medium and inoculated
with A. euteiches. (B) The F83005.5 genotype was cultivated in vitro for 3
weeks on complete medium supplemented or not with 200 p of 8-
aminobutyric acid (BABA), or on complete medium supplemented or not with
200 pwm of GIn and 200 pm of BABA. The background signal from control non-
inoculated roots was subtracted from the signal detected in inoculated roots.
Error bars indicate standard error (n = 6 biological replicates for ELISAs) and
letters indicate significant differences (P< 0.05). Data from a representative
experiment out of three (A) and two (B) independent experiments are shown.
FW, fresh weight.

days of culture), the differences in the levels of soluble phenolics
occurring at an earlier stage (3-6 dpi; Djébali et al, 2011)
between tolerant and susceptible genotypes are overridden by
developmentally and N deficiency-induced increases in soluble
phenolics. Alternatively, the lack of specificity of the Folin—Ciocal-
teu reagent could prevent the accurate determination of soluble
phenolics because of the interference with compounds accumulat-
ing in these conditions (Everette et al, 2010). The analysis of the
expression of the genes involved in secondary metabolism or in
defence (Fig. 5) highlighted that the expression levels of a small
set of genes were correlated with the plant resistance level on
complete medium, and confirmed the potential importance of
these genes for plant resistance, as proposed in the analysis of NR
and NS near-isogenic lines (Badis et al., 2015). Our data show, in

addition, that the expression of some of these genes is modulated
by N deficiency, but no correlation was observed between gene
expression and genotype resistance on N@ medium, also suggest-
ing that mechanisms leading to N@-IR and N@-IS do not involve
the same genes. Whether this is indeed the case awaits functional
studies assessing the impact of knock-outs in these genes on
plant resistance on complete and N@ medium. In contrast, a
recent transcriptomic study on the N modulation of tomato sus-
ceptibility to Botrytis cinerea highlighted the repression by the
pathogen of a subset of defence response genes in N-limiting con-
ditions and their induction in N-sufficient conditions (Vega et al,
2015). It would be interesting to study whether these genes con-
tribute to genotypic variability in the resistance of wild Solanum
species to this pathogen.

Second, the contrasting behaviours in the response to A.
euteiches in N@ medium could be caused by differences in the
plant capacity to use N efficiently from the culture medium and/or
to mobilize its N resources during N deficiency. Only a few studies
have reported the effect of plant genetic diversity on the modula-
tion of resistance by N. In rice, Ballini et al. (2013) have shown
that high N input increases susceptibility to Magnaporthe oryzae
and have suggested that high N use efficiency (NUE) is linked to
high N-induced susceptibility. In order to assess this link, we
measured shoot biomass and N concentration, monitored the
expression of the genes involved in nitrate transport and assimila-
tion, and determined amino acid levels and composition in the
four selected genotypes cultivated in different conditions.
Although all genotypes responded to N starvation, the modalities
of plant adaptation to this nutritional stress varied. Indeed, these
different analyses clearly set the DZA045-6 genotype apart from
the other genotypes, as it displayed lower expression of nitrate-
related genes on complete medium (Fig. 6) and strongly reduced
amino acid changes in response to N deficiency (Fig. 7); this sug-
gests an altered response to nitrate and N deprivation compared
with the other genotypes. A more thorough characterization of
the DZA045-6 genotype would be of interest to assess the impor-
tance of altered N response in different processes, including the
setting up and regulation of symbioses.

N@ medium affected the different N-related parameters, but
no significant differences discriminating between N@-IR and N@-
IS genotypes were observed. In particular, as mentioned above,
although DZA045-6 was N@-IR, like the A17 genotype, it dis-
played an altered response to nitrate compared with A17 (Figs 6
and S4). Likewise, the two N@-IS genotypes, F83005.5 and
SA022322, displayed the lowest and highest decrease in shoot
biomass on N deficiency, respectively (Fig. S3). These results sug-
gest that N modulation of plant resistance to A. euteiches is not
correlated with plant response to N availability.

The analysis of amino acid composition highlighted six amino
acids (Gln, Arg, Lys, Tyr, Met, Trp) which were highly induced by
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infection in N@-IS genotypes, but much less or not at all in N@-IR
genotypes in complete medium. In N@ medium, the differences in
these amino acid levels between inoculated N@-IS genotypes and
the inoculated N@-IR genotype A17 were attenuated for most
minor amino acids. GIn levels, however, discriminated between
N@-IS and N@-IR genotypes in both N-replete and N-deficient con-
ditions, with high GIn levels associated with enhanced plant
susceptibility.

This positive correlation was further sustained by two other
experiments: (i) Gln provision prevented N@-IR and even led to
enhanced susceptibility compared with complete medium (con-
taining nitrate as sole N source), stressing the specific role of GIn
in favouring A. euteiches infection (Fig. 8A); (ii) conversely, a
treatment (BABA) inducing resistance in a N@-IS genotype was
correlated with lower levels of GIn and was partially reversed by
the addition of GIn (Fig. 8B).

GIn is known to play a role in plant-pathogen interactions. On
the pathogen side, GIn is well known to be a favourable N source
for fungal development in vitro (Tudzynski, 2014) and high levels
of GIn in planta could therefore favour pathogen growth. Con-
versely, GIn has been shown to repress fungal virulence in the
hemibiotrophic fungus Fusarium oxysporum and to inhibit the for-
mation of appressoria, highly specialized infection structures, in
the rice blast fungus Magnaporthe oryzae (Lopez-Berges et al,
2010; Marroquin-Guzman and Wilson, 2015). On the plant side,
reports show that the plant metabolic pathways activated during
the necrotrophic stage are similar to those induced during senes-
cence (Swartzberg et al,, 2007; Tavernier et al., 2007). The accu-
mulation of GIn linked to N remobilization by cytosolic GIn
synthetase in the plant host has been proposed to be involved in
plant defence in response to Colletotrichum lindemuthianum (Tav-
ernier et al, 2007), and is correlated with the onset of the
necrotrophic phase of the pathogen. GIn accumulation has been
proposed to signal to the pathogenic fungus that the plant is
translocating N and to possibly trigger the onset of the necrotro-
phic stage. In complete medium, we observed a higher accumula-
tion of transcripts of the MtGSTb gene on root inoculation in the
lines displaying N@-IS (Fig. 6), suggestive of the induction of N
remobilization during pathogen infection, but this was not
observed on N@ medium (Fig. 6). Therefore, it would be interest-
ing to test whether other types of regulation affect GIn synthe-
tase, as Tyr nitration of GS1a has been proposed to control
plant-microbe interactions in M. truncatula (Melo et al, 2011).
More recent studies have identified GIn as an important mediator
of plant—pathogen interactions through redox modulation. Liu
et al. (2010) have shown that knocking out a single amino acid
transporter gene (LHTT), which uses Gln as a main substrate, is
sufficient to confer the resistance of Arabidopsis against a large
spectrum of pathogens. These studies highlight the specific role of
GIn, rather than plant N status, in plant defence, with GIn
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deficiency leading to the activation of plant defence responses by
enhancing cellular redox stress. Our data are consistent with this
role of GIn in plant immunity, as the more susceptible genotypes
displayed higher GIn contents on infection, and conditions favour-
ing GIn accumulation increased A. euteiches infection.

The effect of GIn on plant immunity appears to be broad,
because it also decreases the protection against A. euteiches con-
ferred by BABA in the susceptible F83005.5 genotype. GIn has
been reported to reverse a wide range of phenotypes induced by
BABA, including reduced plant growth, anthocyanin accumulation,
resistance to heat stress and resistance to a bacterial pathogen
(Wu et al., 2010). This reversal has been attributed to the allevia-
tion of an amino acid stress induced by BABA, as it is a non-
proteinogenic amino acid which cannot be metabolized by plants.
BABA has been reported to alter amino acid balance (Luna et al.,
2014; Singh et al, 2010), but whether BABA affects GIn levels
has not been reported.

In conclusion, in this work, we show that N deficiency affects
the resistance of M. truncatulato A. euteiches and this is depend-
ent on plant genotype. Mechanisms leading to N@-IR and N@-IS
seem to be independent of those involved in quantitative resist-
ance (Badis et al., 2015; Djébali et al, 2011) and in plant percep-
tion of N deficiency. Finally, we have identified GIn as an N
source important for A. euteiches infection. This suggests the role
of GIn in a cross-talk between plant and pathogen, but the exact
mechanisms involving GIn production and its effects on A.
euteiches infection remain unknown.

EXPERIMENTAL PROCEDURES

Plant growth and inoculation by A. euteiches

Ten M. truncatula genotypes, belonging to the core collection CC8 (INRA,
Montpellier, France) (Jemalong-A17, F83005.5, DZA045-6, SA022322,
SA028064, SALSES71B, ESP105.L, DZA315-16 and DZA012-)) and R108,
were used in this study. The seeds of M. truncatula were scarified accord-
ing to Djébali et al (2009). After overnight at 4 °C, seeds were germi-
nated in phytochambers with 16 h light at 350 pmol/m%s at 23 °C/8 h
night cycle at 21 °C. One day after germination, seedlings were trans-
ferred to square plates (12 cm X 12 cm) containing a modified M medium
(Bécard and Fortin, 1988). This modified medium was enriched in phos-
phate (final concentration, 1.3 mm) without sugar and contained either
3.3 mm nitrate (complete medium) or no nitrate (N@ medium). After seal-
ing with parafilm, plates were placed vertically in the culture chamber
(16 h light at 350 pmol/m?/s at 23 °C/8 h night cycle at 21 °C) for 7-21
days. Altogether, 20 seedlings per condition (defined as a given genotype
cultivated on complete or N@ medium and inoculated or not) were ana-
lysed. Four biological replicates per condition were made by pooling the
roots from five seedlings for each replicate at harvest.

The strain Aphanomyces euteiches Drechs ATCC 201684 was used to
inoculate seeds 1 day after germination. Zoospores were produced as
described in Rey et al (2013) and roots were inoculated with 500
zoospores.
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Symptom annotations and root architectural analyses

The effects of inoculation and N deficiency were scored after 10 or 21
days of culture by determining plant growth and developmental parame-
ters [root and shoot biomass, primary root (Rl) length, lateral root (LR)
number and length] and disease symptoms (Bonhomme et al, 2014;
Djébali et al.,, 2009), including the percentage of dead plants, percentage
of yellow cotyledons, stem necrosis, percentage of primary root browning
and ELISA. Stem necrosis was scored semi-quantitatively as ‘0" (no symp-
tom), “1" (partial necrosis) or ‘2" (total necrosis of stem) for each living
plant, and the total stem necrosis score for a given condition is expressed
as a percentage of the maximal possible level of stem necrosis, that is:
100 X sum of necrosis scores of scored plants/(2 X number of scored
plants).

Root system architecture was analysed on scans of plates containing
seedlings grown for 10 days on complete medium or N@ medium in the
presence or not of A. euteiches, using ImageJ software (Schneider et al,
2012) to measure the Rl and LR lengths and LR density (which is the aver-
age number of LRs per centimetre of RI). For each experiment, about 20
seedlings per condition were analysed.

Assessment of infection by ELISA

Assessment of A. euteiches development in roots was performed by ELISA
using a rabbit polyclonal serum raised against A. euteiches and a mouse
anti-rabbit 1gG alkaline phosphatase conjugate, as described by Slezack
et al. (1999), on protein extracts obtained from roots from pooled plants
after 21 days of culture. Alkaline phosphatase activity was monitored by
following the increase in absorbance at 405 nm, and is expressed as the
slope of the obtained curve per milligram of root fresh weight.

RNA extraction, reverse transcription and quantitative
PCR on transformed roots

Total RNA was extracted from transformed roots using TRIzol® Reagent
(Fisher Scientific, Ilkirch, France) according to the recommendations of
the manufacturer. For quantitative PCR, RNAs (0.5-1 ng) were reverse
transcribed in a final volume of 20 uL in the presence of RNasin (Promega,
Charbonniéres, France) and oligo(dT);s, with MMLV reverse transcriptase
(Promega), as recommended by the manufacturer.

Quantitative PCR was performed on reverse-transcribed RNAs on four
independent biological replicates per condition. For the analysis of the
four selected genotypes, 16 conditions [4 genotypes X 2 nutritions X 2
inoculation conditions (mock/inoculated)] were analysed and two inde-
pendent plant cultures were performed. Technical replicates showed a
much lower variance than biological replicates. Quantitative PCRs were
performed in an ABI PRISM 7900 apparatus (Applied Biosystems®, Saint-
Aubin, France) in a final volume of 15 pL using Absolute SYBR green ROX
Mix (Thermo Scientific, Camberley, Surrey, UK), 0.3 um of gene-specific
primers and 5 uL of cDNA template diluted 60-fold. The reference genes
used for normalization were MtEFTx and MtUBQ. Expression levels were
calculated by determining ACt between test and reference genes (ACtiest
gene — reference gene): AS both reference genes led to similar results, only
data obtained with MtEFT are shown. For MtEF1, the average Ct in all
experiments was equal to 14 cycles. As 40 cycles were performed for
gPCR analysis, a gene was considered not to be expressed if ACtest gene —

reference gene > 26. Therefore, gene expression was quantified by the
parameter 26 — ACties gene — reference genes Which is higher when the test
gene is more highly expressed (Bari et al, 2006; Truong et al, 2015).
When normalizing AeCRN5 and AeCRN13 expression to AeTUB expres-
sion, as the average Ct of AeTUB was 28, the value 12 — ACtiest gene —
AeTuBgene Was used for the quantification of gene expression. Primers used
for gPCR all displayed a high amplification efficiency (90%-100%) and
their sequences are listed in Table S3 (see Supporting Information).

Soluble phenolics and amino acid quantification

Soluble phenolic quantification was performed on 100 mg root fresh
weight according to Singleton and Rossi (1965) using the Folin—Ciocalteu
reagent and ferulic acid as a reference standard.

Profiling of the amino acid content in plant samples was performed
using the extraction and chromatographic procedures described in Jubault
et al. (2008).

Statistical analysis

Statistical analyses were performed using one- or two-way analysis of var-
iance (ANOVA), followed by Fisher's test. Data were considered to be sig-
nificantly different for P< 0.05. The PCA and Monte Carlo tests were
performed using the statistical ade4TkGUI software to integrate the differ-
ent measurements of plant development and susceptibility to A.
euteiches.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article at the publisher's website:

Fig. S1 The A17 genotype experiences nitrogen (N) deficiency
and is less affected by Aphanomyces euteiches on nitrate-
deficient (N@) medium. NO3 content in shoot at 10 days (A),
total biomass at 10 days (B), shoot to root ratio at 10 days (C)
and percentage of total nitrogen at 14 days (D) in A17 genotype
cultivated on complete medium (hatched bars) or N& medium
(grey bars). Data from a representative experiment are shown.
Error bars indicate standard error (n= 4 biological samples for
NO; content and total biomass; n=16-20 for shoot to root
ratio; n=4-6 for percentage total nitrogen). Asterisks denote
significant differences (P< 0.05). FW, fresh weight. (E) A17 seed-
lings 10 days after culture on complete or N& medium and ino-
culated or not with A. euteiches. Scale bar: 2 cm.

Fig. S2 Nitrogen (N) deficiency affects plant susceptibility to
Aphanomyces euteiches differently according to genotype. Prin-
cipal component analysis (PCA) of plant susceptibility to A.

euteiches in the 10 different genotypes cultivated in complete
or nitrate-deficient (N@) medium. (A) Correlation circle of the
measured variables. The negative side of the PC1 axis is highly
correlated with the genotype susceptibility to A. euteiches
[enzyme-linked immunosorbent assay (ELISA), root and stem
browning]. FW, fresh weight. (B) PCA representation of the
susceptibility of different genotypes of M. truncatula (A17,
F83005.5, DZA045-6, SA022322, SA028064, SALSES71B,
ESP105.L, R108, DZA315.16 and DZA012.J) under contrasting N
availability (complete medium, squares; N@ medium, circles).
Bars indicate standard error (n=4 biological replicates). Data
from a representative experiment out of three independent
experiments are shown.

Fig. S3 Analysis of the response to nitrogen (N) deficiency
(N@) of the four selected genotypes. (A) Shoot biomass at 21
days. (B) Shoot biomass at 10 days. (C) N concentration in
shoots at 21 days. Error bars indicate standard errors (n = 4-6
biological samples) and letters indicate significant differences
(P<0.05). N@-IS, genotype displaying N@-induced susceptibil-
ity; N@-IR, genotype displaying N@-induced resistance.

Fig. S4 Enhanced resistance to chlorate of the DZA045-6 geno-
type. The four genotypes (F83005.5, SA022322, A17 and
DZA045-6) were cultivated in vitro for 10 days on complete
medium in the presence of different concentrations of chlorate,
and the primary root length was determined. Error bars indicate
standard error (n = 4 biological replicates).

Fig. S5 Quantification of total and minor amino acid levels in
roots of the four selected genotypes. (A) Total amino acid lev-
els. (B) Minor amino acid levels. DW, dry weight. Amino acid
quantification was performed on four genotypes (F83005.5,
SA022322, A17 and DZA045-6). Plants were cultivated in vitro
for 10 days on complete medium or nitrate-deficient (NO)
medium and inoculated or not with Aphanomyces euteiches.
Error bars indicate standard errors (n= 3 biological replicates)
and letters indicate significant differences (P < 0.05).

Fig. S6 Glutamine levels in the four selected genotypes culti-
vated in vitro for 10 days on complete or nitrate-deficient (N@)
medium in the presence or not of Aphanomyces euteiches.
Error bars indicate standard error (n=3 biological replicates)
and letters indicate significant differences (P < 0.05).

Table S1 Defence-related/secondary metabolism genes ana-
lysed by RT-gPCR in the four selected genotypes cultivated in
complete or N-deficient N& medium and inoculated or not with
A. euteiches.

Table S2 Root amino acid concentrations (umol/g dry weight)
in the four selected genotypes. Letters indicate significant dif-
ferences (n =3 biological replicates, P< 0.05).

Table S3 Primers used for gene expression analyses by quantita-
tive reverse transcription-polymerase chain reaction (qRT-PCR).
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